Combined Radiation and Thermo-Diffusion Effects on Natural Convection over a Melting Plate in Porous Medium Saturated with an Electrically Conducting Fluid of Variable Viscosity  by RamReddy, Ch. et al.
 Procedia Engineering  127 ( 2015 )  1095 – 1101 
Available online at www.sciencedirect.com
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICCHMT – 2015
doi: 10.1016/j.proeng.2015.11.471 
ScienceDirect
International Conference on Computational Heat and Mass Transfer-2015
Combined Radiation and Thermo-Diﬀusion Eﬀects on Natural
Convection over a Melting Plate in Porous Medium Saturated with
an Electrically Conducting Fluid of Variable Viscosity
Ch. RamReddya, Rishi Raj Kairib, N. Raji Reddyc,∗
aDepartment of Mathematics, National Institute of Technology, Warangal- 506004, India
bDepartment of Mathematics, Islampur College, Islampur- 733 202, India
cDepartment of Mathematics, Jyothishmathi Institute of Technology & Science, Karimnagar-505481, Telangana State, India
Abstract
The combined radiation and thermo-diﬀusion eﬀects on natural convective transport over a horizontal melting plate embedded in
a porous media saturated with an electrically conducting ﬂuid of variable viscosity is investigated in this paper. The Reynolds
viscosity model is used to explore the signiﬁcance of the viscosity of the ﬂuid. Using the numerical method, a solution for the
non-dimensional equations is found. The eﬀects of the parameter responsible for the melting surface and other physical parameters
on the development of various proﬁles along horizontal plate are given and the salient features are discussed.
c© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
An accurate prediction of heat transfer coeﬃcient has immense importance in the study of the melting rate of a
solid body surrounded by warm ﬂuid such as drifting of the iceberg in sea water, while it determines the rate of en-
ergy exchange. Coupled heat and mass transfer accompanied by melting has gained more importance due to its vast
number of applications in recent days. Just to name a few are, melting of permafrost, silicon wafer process, casting
and welding process etc. The melting eﬀect is important in either hot extrusion or hot working processes, as it is
done above the materials re-crystallization temperature to keep materials from work hardening and to make it easier
to push the materials through the die. Epstein and Chao [1] analyzed steady laminar case of heat transfer from the
melting ﬂat plate, while Kazmierczak et al. [2,3] reported the various results in the melted region and presented that
the local heat transfer rate at the solid-liquid interface decrease with the melting phenomenon. The mathematical
model for melting eﬀect on combined free and forced convection past along a horizontal surface in a porous medium
has been scrutinized by Hassanien and Bakier [4]. Tashtoush [5] investigated the eﬀect of melting on the ﬂuid ﬂow
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characteristics and temperature proﬁles in a non-Darcy porous medium.
Considerable attention has been received for analyzing the heat and mass transfer processes in an electrically con-
ducting ﬂuid saturated porous media due to the growing importance of radiation. A lot of realistic applications are
there to compare the radiative transport and convective transport on solid geometry and surface properties. In the
presence of radiation eﬀect the natural convection ﬂow in porous medium has been examined by Raptis [6]. In the
process of the constant substantial properties of ﬂuid ﬂows, many researchers showed an interest towards heat and
mass convection studies in porous media. Nevertheless, it is recognized that in the presence of temperature the vis-
cosity of liquid changes and this causes the deviation of velocity during the ﬂow. Further, the constant viscosity in
practical heat transfer problems may lead to substantial errors if we use the diﬀerences of high temperature between
the ﬂuid phase and the surface. The similar observation is made by Lai and Kulacki [7] while discussing the variable
viscosity eﬀects on combined convection in a porous medium.
The Soret eﬀect (Thermal-diﬀusion), refers to species diﬀerentiation, developing in an initial homogeneous mixture
subjected to a temperature gradient. In liquid mixtures, Dufour eﬀect may be treated as the energy diﬀusion caused
by a composition gradient and is found to be very small when we compare with the Soret eﬀect. Hence one may
ignore the Dufour terms when dealing with liquids. While analyzing the cross-diﬀusion eﬀects, Hurle and Jackeman
[8] observed an interesting fact that the inﬂuence of Dufour eﬀect is negligibly small in comparison to the Soret eﬀect.
With this motivation, some of the researchers (Postelnicu [9], Narayana et al. [10], Kairi and Murthy [11], Kairi and
RamReddy [12]) explored the importance of the melting and/or Soret eﬀects in a porous medium theoretically and
numerically respectively (also see the citations therein).
The objective of the present simulation is to bring out the combined eﬀects of radiation and thermo-diﬀusion on
natural convection over a melting horizontal surface in an electrically conducting ﬂuid saturated Darcy porous medium
in the presence of Reynolds variable viscosity model, using the similarity solution scheme.
2. Mathematical Formulation
Consider the free convection heat and mass transfer from a horizontal plate embedded in a ﬂuid of variable viscos-
ity saturated Darcy porous medium. The interface between the solid and liquid phases is assumed at the plate during
melting inside the porous matrix. The coordinate system and ﬂow model are shown in the Figure (1). A transverse
magnetic ﬁeld of strength B0 is imposed as given in Postelnicu [9] and assumption for radiative heat ﬂux is taken as
in Raptis [6]. The plate is at a constant temperature Tm at which the material of the porous matrix melts. The liquid
phase temperature and the temperature of the solid far from the interface are taken as T∞ (which is greater than Tm)
and T0 (which is less than Tm ) respectively. The conditions of the concentration at the wall and ambient medium are
Cm and C∞ respectively. The ﬂow is steady, laminar and two-dimensional.
The governing equations under consideration, namely continuity equation, the Darcy ﬂow model, energy and
concentration equations for the isotropic and homogeneous porous medium using the standard boundary layer and
linear Boussinesq approximations may be written as
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where u and v are the Darcian velocities taken over x and y directions, T and C are the temperature and concentration,
respectively. ρ∞ is the reference density, g is the acceleration due to gravity, σ is the electrical conductivity of the
ﬂuid, α =
k
ρ∞C f
is the equivalent thermal diﬀusivity, k is the eﬀective thermal conductivity of the saturated porous
medium, D is the eﬀective solutal diﬀusivity, D1 is the mass ﬂux due to temperature gradient, βT and βC are the
thermal and concentration expansion coeﬃcients, respectively.
The associated boundary conditions of the formulation are written as:
k
∂T
∂y
= ρ∞[L +Cs(Tm − T∞)]v, T = Tm, C = Cm at y = 0 (5a)
u→ 0, T → T∞, C → C∞ as y→ ∞ (5b)
where L and Cs are latent heat of the solid and the speciﬁc heat capacity of the solid phase, respectively.
We introduce the following similarity transformation:
η =
y
x
Ra1/3x , ψ(η) = αRa
1/3
x f (η), u =
∂ψ
∂y
, v = −∂ψ
∂x
, θ(η) =
T − Tm
T∞ − Tm , φ(η) =
C −Cm
C∞ −Cm . (6)
where Rax =
x
α
[
ρ∞KgβT (T∞ − Tm)
μ∗
]
is the local Rayleigh number.
The ﬂuid viscosity μ(θ) is assumed to obey Reynolds viscosity model (Ref. Massoudi and Phuoc [13])
μ(θ) = μ∞e−ξ θ (7)
where ξ is the non-dimensional viscosity parameter depending on the nature of the ﬂuid and μ∞ is the ambient viscos-
ity of the ﬂuid. Especially, this type of relation in a temperature dependent viscosity useful in the constitutive relation
for many ﬂuids such as lubricants, polymers, and coal slurries viscous dissipation is substantial.
Using the above transformation, we get the following system of equations
(
1 + M eξ θ
)
f ′′ + M ξeξ θ f ′θ′ = −2η
3
eξ θ
[
(θ′ + Nφ′) + ξθ′(θ + N φ)
]
(8)
θ′′ +
1
3
f θ′ +
4
3
R
[
(CT + θ)3 θ′
]′
= 0 (9)
1
Le
φ′′ +
1
3
fφ′ + S rθ′′ = 0 (10)
The reduced similarity boundary conditions are
η = 0 : f + 3m θ′ = 0, θ = 0, φ = 0 (11a)
η→ ∞ : f ′ → 0, θ → 1, φ→ 1 (11b)
In the above,m =
C f (T∞ − Tm)
L +Cs(Tm − T0) is the melting parameter, S r =
D1(T∞ − Tm)
α (Cm −C∞) is the Soret number, N =
βT (T∞ − Tm)
βC(C∞ −Cm)
is the buoyancy ratio, M =
σ B20K
μ∗
is the magnetic ﬁeld parameter and Le =
α
D
is the Lewis number, R =
4σθw
k k∗
is
the conduction radiation parameter and CT =
T∞
Tw − T∞ is the temperature ratio.
The non-dimensional heat and mass transfer coeﬃcients are deﬁned as
Nux
Ra1/3x
= θ′(0)
[
1 +
4
3
R (CT + θ(0))3
]
and
S hx
Ra1/3x
= φ′(0) (12)
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3. Result and Discussions
The ﬁnal set of equations (8) - (10) is reduced to a system of ﬁrst order ordinary diﬀerential equations and then
solved using matching and shooting technique. For this purpose, the set of equations (8) - (10) along with the reduced
boundary conditions (11) are integrated using 4th order Runge-Kutta method and hence we claim that the established
results are accurate up to 4th decimal place. In order to assess the accuracy of the solution, the present results for the
Nusselt and Sherwood number in the absence of melting eﬀect with S r = 0, M = 0, R = 0 and ξ = 0 are compared
with those obtained by Narayana and Murthy [14], the trend shows that the results are in good agreement. The vari-
ations of temperature, concentration, and heat and mass transfer proﬁles are depicted for some combinations of the
ﬂow governing parameters through ﬁgures 2(a) - 5(b).
Figures 2(a) and 2(b), show the variation of the non-dimensional temperature proﬁle θ across the boundary layer
for various values of m, S r and ξ in the absence/presence of radiation with ﬁxed values of other parameters. It is seen
that increasing of viscosity and thermo-diﬀusion parameter tends to decrease the thermal boundary layer thickness,
results the increment in heat transfer coeﬃcient. Again with rise in the melting parameter, the temperature distribution
in the boundary layer enhances for all values of S r.
Figures 3(a) and 3(b), illustrate the variation of the non-dimensional concentration proﬁle across the boundary layer
for various values of m, S r and ξ with ﬁxed values of other parameters. It is observed that concentration boundary
layer thickness decreases with viscosity parameter and increases with melting and Soret parameters. The absence of
the melting and radiation parameters are self evident from the Figs. 2 - 3 and hence are not discussed.
The set of ﬁgures 4(a) - 5(b) are prepared to explore the combined eﬀects of melting and thermo-diﬀusion in the
absence/presence of Reynolds variable viscosity. These ﬁgures show that the heat and mass transfer coeﬃcients in-
crease linearly with an increase in the radiation parameter and these heat and mass transfer coeﬃcients are less in
the absence of radiation. Further, the heat and mass transfer coeﬃcients are more in the presence of melting when
compared to the absence of melting. Finally, in comparison with absence of thermo-diﬀusion parameter, the heat
and mass transfer coeﬃcients are more in the presence of thermo-diﬀusion parameter. This type of analysis may be
useful in various energy storage systems. Also, this type of model has immense applications in many processes where
pre-heating of the fuel is used as a means to enhance heat transfer eﬀect.
4. Conclusions
In this paper, the combined radiation and thermo-diﬀusion eﬀects on natural convective transport over a horizontal
melting plate embedded in a porous media saturated with an electrically conducting ﬂuid is investigated. Further,
the Reynolds viscosity model is used to explore the signiﬁcance of the viscosity of the ﬂuid. It is noted that the
temperature and concentration proﬁles as well as the heat and mass transfer coeﬃcients are signiﬁcantly aﬀected
by the melting and thermo-diﬀusion eﬀects in the medium. The heat and mass transfer coeﬃcients are enhancing
with increasing melting parameter. The presence of thermo-diﬀusion parameter enhances the heat and mass transfer
coeﬃcients. The major conclusion is that the eﬀects of melting and thermo-diﬀusion are prominent in the presence of
radiation.
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Fig. 1. Physical model and coordinate system
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Fig. 2. Variation of temperature proﬁles against η varying S r and m (a) R = 0.0, (b) R = 1.0.
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Fig. 3. Variation of concentration proﬁles against η varying S r and m (a) R = 0.0, (b) R = 1.0.
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Fig. 4. Variation of heat transfer coeﬃcient against R varying S r and m (a) ξ=0.0, (b) ξ=0.1
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Fig. 5. Variation of mass transfer coeﬃcient against R varying S r and m (a) ξ=0.0, (b) ξ=0.1
1101 Ch. RamReddy et al. /  Procedia Engineering  127 ( 2015 )  1095 – 1101 
References
[1] M. Epstein, D.H. Cho, Melting heat transfer in steady laminar ﬂow over a ﬂat plate, J. of Heat Transfer 98 (1976) 531–533.
[2] M. Kazmierczak, D. Poulikakos, I. Pop, Melting from a ﬂat plate embedded in a porous medium in the presence of steady convection, Numerical
Heat Transfer 10 (1986) 571–581.
[3] M. Kazmierczak, D. Poulikakos, D. Sadowski, Melting of a vertical plate in porous medium controlled by forced convection of a dissimilar
ﬂuid. Int.Comm.Heat Mass Transfer 14 (1987) 507–517.
[4] I.A. Hassanien, A.Y. Bakier, Melting with mixed convection ﬂow from horizontal plate embedded in a porous medium, Earth, Moon and Planets
52 (1991) 51–63.
[5] B. Tashtoush, Magnetic and buoyancy eﬀects on melting from a vertical plate embedded in a saturated porous media, Energy Conversion and
Management 46 (2005) 2566–2577.
[6] A. Raptis, Radiation and free convection ﬂow through a porous medium. Int. Comm. Heat and Mass Transfer 25 (1998) 289–295.
[7] F.C. Lai, F.A. Kulacki, The eﬀect of variable viscosity on convection heat transfer along a vertical surface in a saturated porous medium, Int. J.
of Heat and Mass Transfer 33 (1990) 1028–1031.
[8] D.T. Hurle, E. Jackman, Soret-thermal solutal convection. Journal of Fluid Mechanics 47 (1971) 667–687.
[9] A. Postelnicu, The inﬂuence of chemical reaction on heat and mass transfer by natural convection from vertical surfaces in porous media
considering Soret and Dufour eﬀects, Heat Mass Transfer 43 (2007) 595–602.
[10] P.A.L. Narayana, , P.V.S.N. Murthy, R.S.R. Gorla, Soret-driven thermo-solutal convection induced by inclined thermal and solutal gradients in
a shallow horizontal layer of a porous medium, J. Fluid Mech. 612 (2008) 1–19.
[11] R.R. Kairi, P.V.S.N. Murthy, The eﬀect of melting and thermo-diﬀusion on natural convection heat mass transfer in a non-Newtonian ﬂuid
saturated non-Darcy porous medium, Open Transp. Phenom. J. 1 (2009) 7–14.
[12] R.R. Kairi, Ch. RamReddy, The eﬀect of melting on mixed convection heat and mass transfer in non-Newtonian nanoﬂuid saturated in porous
medium, Frontiers in Heat and Mass Transfer 6 (2015) 1–6.
[13] M. Massoudi, T.X. Phuoc, Flow of a generalized second grade non-Newtonian ﬂuid with variable viscosity, Continuum Mechanics Thermody-
namics 16 (2004) 529–538.
[14] P.A.L. Narayana, P.V.S.N. Murthy, Soret and Dufour eﬀect on free convection heat and mass transfer from a horizontal plate in a Darcy porous
medium, ASME Journal of Heat Transfer 13 (2008) 104504–1–5.
